i Background: Previous studies suggest that elevated exposure to drinking water disinfection by-products (DBPs)-in particular, total trihalomethanes (TTHMs)-may lead to fetal growth restriction. We examined the effects of exposure to TTHMs, haloacetic acids, and total organic halide on the probability of delivering a small-forgestational-age (SGA) infant and on birth weight at term. Methods: Women early in pregnancy (Յ12 weeks' gestation) or planning a pregnancy were enrolled in a prospective pregnancy study conducted in 3 US communities from 2000 through 2004. Weekly (or biweekly) water samples were collected at each site as well as individual-level participant data. Associations between DBP exposures (TTHMs, haloacetic acids, total organic halide) and fetal growth were assessed using log-binomial regression for SGA (n ϭ 1958) and linear regression for term birth weight (n ϭ 1854). We conducted a Bayesian analysis to examine associations between individual DBP species and fetal growth. Results: Haloacetic acids and total organic halide were not associated with SGA or term birth weight. The probability of delivering an SGA infant was elevated when comparing women with an average third-trimester residential TTHM concentration Ն80 g/L to women with exposure Ͻ80 g/L (risk ratio ϭ 2.0 ͓95% confidence interval ϭ 1.1-3.6͔), but not when examining other exposure contrasts. Bayesian analyses did not support a consistent association between any DBP species and fetal growth, although these analyses were based on small sample sizes. Conclusions: Our results do not suggest an adverse effect of haloacetic acid or total organic halide exposure on fetal growth. An association of TTHM with SGA was seen only for average residential concentrations above the current regulatory standard. P revious studies suggest that exposures to drinking water disinfection by-products (DBP) during pregnancy may increase the risk of adverse pregnancy outcomes. [1] [2] [3] In particular, epidemiologic studies report a moderately increased risk of delivering a small-for-gestational-age (SGA) infant among women exposed to high levels of total trihalomethanes (TTHMs), with relative risks ranging up to 1.5. 4 -10 TTHMs have also been associated with decreased mean birth weight and an increased risk of delivering a low birth weight infant. inhalation, and dermal absorption. 18 -20 This study had 2 objectives. The first was to examine the association between DBP measures and fetal growth using improved exposure data that allow interindividual variability to be estimated more accurately than in previous studies. The second was to examine the effect of exposure to individual TTHM and haloacetic acid species on fetal growth simultaneously, using Bayesian analytic techniques.
METHODS

Study Design and Population
Women from 3 US communities were recruited from 2000 to 2004, either while planning to become pregnant or early in pregnancy (Յ12 weeks' gestation). Study communities included one site with moderate levels of predominantly chlorinated DBPs (the "chlorinated DBP site"), one site with moderate levels of predominantly brominated DBPs (the "brominated DBP site"), and one site with low levels of all DBPs (the "low DBP site"). Moderate DBP sites were also selected because they used chloramination for terminal disinfection, rather than free chlorine, thereby minimizing spatial variability in disinfection by-product concentrations. 21, 22 Additional details on study design and recruitment have been published elsewhere. [23] [24] [25] A total of 2766 pregnancies were enrolled, of which 87% had complete follow-up, 259 had a missing or incomplete baseline interview, 90 were lost to follow-up, and 7 were missing information on date of birth or birth weight. In addition for this analysis, we excluded 237 pregnancies that ended in a loss, 8 pregnancies with more than one fetus, and 16 repeat live births to a study participant. This left 2039 pregnancies eligible for fetal growth analyses. SGA status could not be assigned for 3 births missing information on maternal race, 73 births with a reported maternal race of "Indian," "Asian/Pacific Islander," or "Other," and 5 births delivered at Ͻ25 or Ͼ42 weeks' gestation, reducing the final sample size for SGA models to 1958 births. We restricted term birth weight models to 1854 live births born at 37 weeks' gestation or later.
Measurement of DBP Concentrations
Details of water sample collection, shipment, and analysis have been published previously. 25 Briefly, water samples were collected weekly from the chlorinated and brominated DBP sites and biweekly from the low DBP site at a representative location in the distribution system. 25 Concentrations of the 4 individual TTHM species, 9 haloacetic acid species, and total organic halide were measured in micrograms/liter using standard methods. 26 -29 DBP concentrations below the minimum reporting level for each analytic method (ie, 0.1 g/L for all 4 TTHM species and 1.0 or 2.0 g/L for haloacetic acid species) were set to zero. The 4 TTHMs were summed to calculate TTHMs. In addition, we calculated the sum of 5 haloacetic acids ("HAA5") and the sum of all 9 haloacetic acids.
Characterization of DBP Exposure
Two exposure metrics were considered for TTHM and HAA5: (1) estimated residential (tap water) concentrations (ie, concentrations in the water distribution system serving a woman's residence) and (2) estimated personal exposure. Only residential concentrations were considered for total organic halide. We estimated personal TTHM and HAA5 exposures by combining residential concentrations with detailed information on tap water exposure collected during telephone interviews at baseline (by 16 weeks' gestation) and follow-up (between 20 and 25 weeks' gestation). Algorithms used to estimate personal exposure have been published previously. 24, 25 Briefly, personal TTHM exposure by showering and bathing was estimated by integrating residential TTHM concentrations and self-reported information on average duration and frequency of showering and bathing to calculate an absorbed dose (g/d) using uptake factors derived from toxicokinetic studies. 30 -32 We also estimated total TTHM exposure through tap water ingestion and showering and bathing.
Personal haloacetic acid exposure (average daily intake in g/d) was estimated by first adjusting tap water haloacetic acid concentrations for any boiling or filtering 25, 33 before ingestion, and then combining these adjusted concentrations with self-reported information on the number and size of glasses of cold/hot filtered/unfiltered tap water drinks per day. Residential concentrations were the primary focus for individual TTHM and haloacetic acid species and for total organic halide. Estimates of personal exposure to individual DBP species were also examined, and results were similar to those for residential concentrations (results not shown).
Assessment of Fetal Growth Parameters
Infant date of birth, birth weight, and sex were obtained from medical records for 43% of live births, from vital records for 57%, and from participant self-report for Ͻ1%. SGA was defined as an infant with a birth weight below the tenth percentile for his or her gestational age at birth, sex, maternal race/ ethnicity (non-Hispanic white, non-Hispanic black, or Hispanic), and parity. 34, 35 Gestational age at birth was derived from firsttrimester report of last menstrual period (LMP), which was corrected by ultrasound if the 2 estimates of gestational age were different by more than 7 days.
Statistical Analysis
Associations between aggregate DBP measures (TTHM, HAA5, and total organic halide) and the probability of delivering a SGA infant were examined using log binomial regression. The association with term birth weight was examined using linear regression. We estimated trimester-specific average DBP exposures and considered them in separate mod-els. Relative risks (RRs) and 95% confidence intervals were computed.
Restricted quadratic splines were used to model the dose-response in probability of an SGA birth and in impact on term birth weight by residential DBP concentrations. Residential DBP concentrations among the moderate exposure sites also were divided into quartiles using cut-points derived from second-trimester average DBP distributions, using the low exposure site as the referent. The US Environmental Protection Agency (EPA) regulatory standard for TTHMs (80 g/L) also was examined.
Concentrations of some individual DBP species were highly correlated (eg, correlation coefficient between CHCl 3 and BrCl 2 CH ϭ 0.9 at the brominated DBP site). Modeling each exposure separately could lead to spurious associations due to confounding by other correlated DBPs, and so one model that controlled for all species was desirable. However, adjustment for multiple correlated exposures using standard maximum likelihood estimation may fail to provide plausible estimates. 36 Alternatively, Bayesian analytic techniques allow simultaneous modeling of highly correlated exposures in a single model. In addition, prior distributions can be specified to "borrow" information across sets of individual DBP species that may have a common underlying biologic mechanism (eg, TTHM vs. haloacetic acid species or brominated vs. nonbrominated species). 36 A Bayesian analysis was conducted to examine associations between fetal growth measures and third-trimester average residential concentrations of individual DBP species. We constructed logistic models for SGA and linear regression models for term birth weight, and entered DBP concentrations into models using tertile categories. To assess the sensitivity to the prior distribution specified for the effect of DBP exposures, we considered 2 scenarios for each outcome model. The first scenario centered the prior mean for the effect of individual DBP species at the null value. The second scenario resulted in shrinkage of posterior effect estimates to a common group mean for each the 4 types of DBPs (chloroform, brominated TTHMs, nonbrominated haloacetic acids, and brominated haloacetic acids). In all models, the prior variance for the effect of individual DBP species was treated as a random variable to allow the data to inform the appropriate degree of shrinkage. 36 All priors had large variances relative to their means; thus priors should have little influence in posterior inferences. More specific details regarding Bayesian priors are provided in the online appendices that accompany this article (see Appendix 1).
Markov chain Monte Carlo methods were used to obtain the posterior mean for the effect of each DBP category and an associated 95% credible interval. The Bayesian 95% credible interval can be interpreted as an interval that has a high probability (95%) of containing the unknown quantity of interest. 37 Multiple chains (3) were run using varying starting values, with 12,500 iterations per chain, and the first 2500 iterations of each chain discarded as "burn-in." We assessed convergence using the Gelman and Rubin statistic 38 and by visual examination of trace plots.
Potential confounders were identified by a literature review. From this list, we selected variables for inclusion in the model if they were risk factors for fetal growth restriction that were independently associated with DBP exposure (eg, differentially distributed by study site), but not on the causal pathway between exposure and disease, according to directed acyclic graph analysis. 39 Maximum likelihood analyses were conducted using Stata (College Station, TX), and Bayesian analyses were conducted using R (2006 R Foundation for Statistical Computing, Vienna, Austria) and WinBUGS software (2007 MRC Biostatistics Unit, Cambridge, UK).
RESULTS
The proportion of SGA infants was higher at the brominated DBP site (8.2%) than at the chlorinated and low DBP sites (4.8% and 5.9%, respectively). Mean birth weight among term births was higher at the chlorinated site than at the brominated and low DBP sites (Table 1) .
TTHM concentrations were similar between the chlorinated and brominated DBP sites, but the chlorinated site had slightly higher concentrations of HAA5 and slightly lower concentrations of total organic halide compared with the brominated DBP site ( Table 2 ). The brominated DBP site had much higher concentrations of bromine-containing DBP species and much lower concentrations of nonbromine-containing species compared with the chlorinated DBP site. Concentrations of several DBPs were too low at a given site, relative to the minimum reporting limit for that species, to be considered statistically meaningful. Means and standard deviations for DBP concentrations were similar when calculations were restricted to women included in the SGA and term birth weight analyses.
Analysis of TTHM, HAA5, and Total Organic Halide
Dose-response modeling (results not shown) and estimated risk ratios for SGA, comparing quartiles of moderate DBP exposure with the low exposure group overall, did not suggest consistent patterns of association with increasing TTHM, HAA5, or total organic halide residential levels or increasing personal TTHM or HAA5 exposure during the third trimester (Table 3 ). The highest quartile of personal TTHM exposure was consistently associated with increased risk across all 3 trimesters but associations were attenuated for first and second-trimester exposure compared with the third trimester (Table 3 and eTable 1).
The estimated probability of delivering an SGA infant among women with an average third-trimester residential TTHM concentration Ն80 g/L was twice the probability among women with an average concentration Ͻ80 g/L (RR ϭ
Drinking Water DBP Exposure and Fetal Growth 2.0 ͓95% confidence interval ϭ 1.1 to 3.6͔). We found similar effects using alternative referent groups (eg, Ͻ60 g/L or the low DBP site only), although estimates were less precise (results not shown). An increase in the predicted probability of SGA above 80 g/L was also indicated by the doseresponse curve for third-trimester TTHM levels, but errors associated with predicted probabilities of SGA at this range of exposure were too great (ie, point-wise 95% confidence interval bands were too wide) to draw firm conclusions (results not shown).
A dose-response in birth weight in relation to TTHM, HAA5, or total organic halide was not suggested for residential or personal exposure estimates (Table 3 and eTable 2). A few associations with birth weight were observed, (eg, first trimester HAA5 concentrations), but patterns of associations were not consistent.
Results for HAA9 exposure were similar to those for HAA5; RRs for SGA comparing women with increasing average third-trimester residential HAA9 concentrations (22.6 -42.0, 42.1-48.2, 48.3-52.6, and 52.7-65.0 g/L) to women with low exposure (0 -5.3 g/L) were 1.0 (0.6 to 1.8), 1.4 (0.8 to 2.5), 0.9 (0.4 to 1.8), and 1.1 (0.6 to 1.9), respectively. Results for estimated total TTHM exposure were similar to results for estimated exposure through showering and bathing alone (results not shown).
Analysis of Individual DBP Species
The range of individual TTHM and haloacetic acid concentrations at each site overlapped very little for most species. Concentrations of some DBPs were too low relative to the minimum reporting limit for that species to allow for a meaningful statistical analysis. Therefore, we ran Bayesian analyses separately for the chlorinated and brominated DBP sites to avoid the potential for residual confounding by study site. In addition, DBP species examined at each site were restricted to those with a site-specific average concentration above the minimum reporting limit (Table 2) . Maximum likelihood models were also constructed separately for each DBP to serve as a reference when examining results from the fully adjusted Bayesian models.
Results of the maximum likelihood analyses restricted to the chlorinated DBP site did not suggest a strong association between any particular DBP species and fetal growth (eTable 3). Estimated associations for the 3 THM species (CHCl 3 , BrCl 2 CH, Br 2 ClCH) and SGA increased slightly in the Bayesian analysis after adjusting for other DBPs in the model (Table 4 ) and shrinking by DBP class and bromination status. However, Bayesian 95% credible intervals for all effect estimates included the null value, indicating that no effect of DBPs was within the probable range. RRs for SGA from the Bayesian analysis with prior means centered at 0 were all within the range of 0.9 to 1.1, with wide 95% credible intervals (data not shown). Null associations were found for term birth weight. a SGA could not be assigned for 3 births with missing maternal race and 73 births to women of "other" race.
BMI indicates body mass index.
Results of the maximum likelihood analyses restricted to the brominated DBP site suggested that elevated exposure to chlorinated DBPs (ie, CHCl 3 , ClAA, Cl 2 AA, and Cl 3 AA) and BrClAA was associated with increased probability of delivering an SGA infant (eTable 4). However, effect estimates are highly unstable given the small number of participants from this study site. Estimated effects for CHCl 3 remained elevated in the Bayesian analysis for SGA, but a respective decrease in mean birth weight for these DBP species was not found (Table 4) . Again, Bayesian 95% credible intervals for all effect estimates included the null value, and results of Bayesian analysis using prior means centered at 0 did not indicate an association between fetal growth and any individual DBP species (data not shown).
DISCUSSION
Findings of our study do not suggest an adverse effect of TTHM or HAA5 exposure on fetal growth at residential concentrations below the current regulatory standards. An increased probability of delivering an SGA infant was found among women with average third trimester TTHM concentrations Ն80 g/L (RR ϭ 20 ͓95% confidence interval ϭ 1.1 to 3.6͔). However, few women experienced TTHM exposure levels this high in our study, particularly in comparison with the number of women with exposure levels slightly below the regulatory cut-point, which ultimately resulted in unstable effect estimates when examining this range of exposure.
Chloroform was associated with increased risk of delivering an SGA infant according to Bayesian analyses at both the chlorinated and brominated sites. However, credible intervals from Bayesian analyses underscore that null effects for all TTHM and haloacetic acid species are also probable given our priors and the data at hand. Furthermore, a similar effect of CHCl 3 on term birth weight was not found, and an effect of CHCl 3 with SGA was not indicated by maximum likelihood estimates at the chlorinated site, where levels of chlorinated DBPs, number of participants, and overall strength of our data is greater. Findings were similar when we examined personal exposure to individual DBP species using maximum likelihood and in sensitivity analyses to assess the impact of the prior distribution on posterior inferences (results not shown).
Toxicologic data suggest that brominated TTHMs and haloacetic acids are likely to be more harmful to the fetus than chloroform. 3 However, results of epidemiologic studies as a whole have not implicated any particular constituent of TTHM as being more or less harmful with respect to fetal growth 6 -8,10,40 and have been inconsistent for haloacetic acid exposure. 6, 8, 10 Similarly, we do not feel this study provides strong support that any particular DBP species (or set of DBP species) is associated with fetal growth restriction. However, it should also be noted that individual DBP analyses were based on small sample sizes and used a different referent group than primary analyses due to concerns about residual confounding, so these results should be interpreted with caution.
A major strength of our study is the concurrent measurement of DBP concentrations over the course of pregnancy. Weekly (or biweekly) DBP measurements were collected to capture temporal variability in DBP concentrations and allowed estimation of window-specific average exposures based on more measurements (generally 6 -13) made at regular intervals rather than the typical case of 1 day of monitoring during a 3-month period. Furthermore, our water sampling strategy was validated to accurately represent levels throughout the water distribution systems serving study par- a Model adjusted for maternal age, race/ethnicity, income, education, employment status, marital status, pre-pregnancy BMI, parity, and caffeine intake. b Exposure range at the low DBP site; not contiguous with the upper exposure categories. c Reference category. d Seven births born before 27 weeks gestation and 57 births that were Ͻ27 weeks in gestation when water sampling ended are not included in third-trimester average models.
e Number of SGA and number of non-SGA are frequency of births with TTHM Ն80 g/L/frequency of births with TTHM Ͻ80 g/L.
f One women missing information on showering and bathing and tap water consumption needed to assign third-trimester average personal TTHM and HAA5 exposure is not included in third-trimester personal TTHM and HAA5 models.
CI indicates confidence interval. N ϭ 856 for SGA analysis; two births born before 27 weeks gestation and 25 births that were Ͻ27 weeks in gestation when water sampling ended (27 births total) are not included in third-trimester average SGA models. b N ϭ 849 for term birth weight analysis; 23 births that were Ͻ27 weeks in gestation when water sampling ended are not included in third trimester average term birth weight models. c N ϭ 330 for SGA analysis; two births born before 27 weeks gestation and 8 births that were Ͻ27 weeks in gestation when water sampling ended (10 births total) are not included in third-trimester average SGA models. d N ϭ 297 for term birth weight analysis; eight births that were Ͻ27 weeks in gestation when water sampling ended are not included in third-trimester average term birth weight models. e Bayesian models specified ␤ j ϳ N( 0k , 2 ) for j ϭ 1, . . . , 16, 0k ϳ N(0,10) for k ϭ 1, 2, 3, 4, and ϳ uniform(0,0.70), where J ϭ 16 is the total number of indicator variables included in the model and k is an indictor for DBP class and bromination; 0k ϭ 01 for chloroform (ie, for j ϭ 1 and 2), 02 for brominated THMs (ie, for j ϭ 3, . . . , 6), 03 for nonbrominated HAAs (ie, for j ϭ 7, . . . , 12), and 04 for brominated HAAs (ie, for j ϭ 13, . . . , 16); models adjusted for other DBP species listed in the table and maternal age, race/ethnicity, income, education, employment status, marital status, pre-pregnancy BMI, parity, and caffeine intake. f Prior for intercept specified as ␣ N(Ϫ2.8,0.1) and prior for covariates specified as ␥ k ϳ N(0,10). g Prior for intercept specified as ␣ ϳ N(3300,10,000) and prior for covariates specified as ␥ k ϳ N(0,100,000). h Bayesian models specified ␤ j ␥ N( 0k , 2 ) for j ϭ 1, . . . , 24, 0k ␥ N(0,10) for k ϭ 1, 2, 3, 4, and ϳ uniform(0,0.70), where J ϭ 24 is the total number of indicator variables for DBP exposure included in the model and k is an indictor for DBP class and bromiEnation; 0k ϭ 01 for chloroform (ie, to for j ϭ 1 and 2) to 02 for brominated THMs (ie, to for j ϭ 3 to . . . to 8) to 03 for nonbrominated HAAs (i.e. to for j ϭ 9, . . . , 14) , and 04 for brominated HAAs (ie, for j ϭ 15, . . . , 24); models adjusted for other DBP species listed in the table and maternal age, race/ethnicity, income, education, employment status, marital status, pre-pregnancy BMI, parity, and caffeine intake. 
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Drinking Water DBP Exposure and Fetal Growth ticipants' homes, 25 thereby negating spatial variability in exposure during any given week. As a result, assignment of trimester average residential DBP concentrations should be more accurate than in previous studies.
An additional strength of our study is that pregnant women were prospectively followed. This allowed collection of self-reported data on maternal demographics and health behaviors and a first-trimester ultrasound to provide accurate information on gestational age. Data on tap water ingestion, showering and bathing, and other tap water use also were used to estimate personal DBP exposure and to account for intraindividual variability in water exposure. Only 2 studies have incorporated information on individual water use to estimate personal DBP exposure 7, 13 ; as in our study, personal exposure did not show a stronger association than residential concentration with respect to fetal growth outcomes.
Previous studies have reported a moderate increased risk of delivering an SGA infant among women exposed to high levels of TTHMs (RRs ranging up to 1.5). 4 -10 A direct comparison of our study results with these previous studies is difficult given the very different study designs. Given the improvements in assessment of exposure and outcome in our study and our ability to better control for confounders, we expected to find stronger effects of TTHM exposure than previously reported if TTHM is truly associated with fetal growth restriction. However, we did not find a consistent association with TTHM at concentrations both below and above the regulatory cut-point, as has been suggested by previous studies.
Null findings in this study may be attributable in part to study limitations that occurred at the expense of improving exposure and outcome assessment. Our study population represents a group of women who knew they were pregnant in the first trimester and volunteered to participate in a prospective pregnancy study. As a result, participants were more likely to be highly educated (Ն16 yr of education), non-Hispanic white, and nulliparous when compared with the general population. 25 Previous work by Lewis et al 12 found limited evidence that the effect of DBP exposure may vary by race/ethnicity, specifically noting a weaker effect among white women compared with non-white women. Because our selection process resulted in overrepresentation of non-Hispanic whites, our results may underestimate the effect of DBP exposure in the general population. In addition, the sample size of our study was considerably lower than most previous studies, which ultimately resulted in low precision of effect estimates, particularly when stratifying by study site.
An additional limitation of our study is that the underlying population characteristics of our study sites are very different. Factors associated with study participation (eg, maternal age, race/ethnicity, and education) also varied by site. As a result, participants had different demographic profiles at the 3 sites, and showed an overall difference in fetal growth outcomes. We adjusted analyses for major risk factors for fetal growth restriction that varied among sites to control for potential confounding among study sites. We also ran analyses stratifying by study site to confirm that results were similar across study sites (data not shown). For example, for SGA, comparing average third-trimester TTHM concentrations Ն80 g/L versus Ͻ80 g/L, RR ϭ 1.9 (95% confidence intervals ϭ 1.0 -3.7) excluding the low DBP site, 1.9 (0.9 -4.2) for the chlorinated DBP site alone, and 1.7 (0.6 -5.0) for the brominated DBP site alone. Although the resiliency of this finding across study sites is impressive, it should be noted that there were few SGA cases in the high exposure group.
We used SGA as a surrogate for fetal growth restriction because it is conventionally used to identify more severe growth restriction in epidemiologic research and has been examined in previous DBP studies. However, not all infants who are "small" at birth are growth-restricted and vice versa. Furthermore, SGA combines small babies born at term with small babies born preterm. Thus, an excess of SGA could result from a reduction in fetal growth or from an excess of preterm births. Our companion paper 41 shows that, rather than an excess of preterm births in these data, we observed a lower risk for preterm delivery among highly exposed women. Restricting our SGA analyses to infants born at Ն37 weeks completed gestation also did not change our findings. For example, the RR comparing an average third trimester residential TTHM concentration Ն80 g/L to an average concentration Ͻ80 g/L among term births was 2.0 (95% confidence interval ϭ 1.1-3.9) when examining all sites combined and 1.8 (0.8 -4.1) when restricted to the chlorinated DBP site alone. The lower risk of preterm delivery among highly exposed women, combined with a lack of effect for lower TTHM exposure and results for term birth weight, suggest that the excess of SGA infants among women with TTHM exposure Ͼ80 g/L in the third trimester may be due to chance.
Our study is the most extensive study of DBP exposure and fetal growth restriction conducted to date. Our results do not suggest an adverse effect of residential TTHM or HAA5 levels within the regulatory limits on fetal growth. In addition, none of the individual TTHM or haloacetic acid species was consistently associated with fetal growth restriction.
